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Introduction
Tungsten carbide (WC)-based materials are probably best known as "cutting tools" since these materials have been commercially available for a variety of metal cutting and rock drilling operations since the early part of the 20th century. These materials are also used extensively as abrasive grits and in wear resistant components. WC has been considered as a potential vehicle armor because it possesses a number of characteristics (high hardness, stiffness, strength, and toughness) desired of an armor ceramic while possibly offering the required ballistic performance in a thinner armor package (1) (2) (3) . Conversely, it is also a preferred material for the core component of several armor piercing projectiles because of several of these same characteristics (4).
Most WC products are fabricated by liquid phase sintering of a powder mixture containing WC particles and a metallic binder. Products produced in this manner are typically classified as "cermets" or "cemented carbides" due to the fact that the binder is located at WC grain boundaries and multigrain junctions effectively "cementing" the WC particles together. Cobalt (Co) and Co-based alloys are the most widely used binders, with WC-based products containing up to 30 weight-percent Co readily available as a commercial product (5).
In order to better understand the impact resistance of advanced ceramics many research efforts have used WC spheres (6, 7) and rods (8) as the impacting projectile. The ability to properly model a ballistic impact event requires knowledge of the properties of both the target and the projectile material. This report summarizes the characterization of two WC spheres that have been used as projectiles in some impact studies. (MT). The NL supplied spheres are machined from WC blanks supplied by an outside manufacturer while MT spheres are pressed, sintered, and machined entirely at their facility.
Experimental Procedure
A sphere from each vendor was cut in half then mounted and polished to a 0.05-μm finish, using a colloidal silica solution. These specimens were used for hardness testing and examination of the microstructure. Microstructural images were obtained from a scanning electron microscope (SEM) to determine the grain size following the procedure outlined in ASTM E 112 (9) . Knoop and Vickers hardness values both were determined using a Wilson Instruments Tukon *
Results and Discussion
300 microhardness tester according to the procedures in ASTM C 1326-96a (10) and ASTM C 1327-96 (11), respectively. Knoop hardness testing was conducted across a range of loads between 0.49 and 98.1 N to determine if the indentation size effect was present in either WC. Vickers testing was done solely at 9.8 N at the edge and centers of the cross-sectioned sphere to determine if the hardness was consistent throughout the sphere.
The elastic and shear modulus as well as the Poisson's ratio were determined using resonance ultrasound spectroscopy (RUS) using a method described elsewhere (12) . Briefly, their measurement is a consequence of the combination of the identification of resonant frequencies, sphere diameter, material density, and modal analysis via finite element modeling. The resonant frequencies were measured with a commercial resonant ultrasound spectroscope (Quasar International, Inc.)
† and the modal analysis performed using ANSYS. ‡ This method can produce an accurate estimate of elastic modulus and Poisson's ratio that are independently determined (i.e., an assumption of one is not needed to estimate the other).
Twenty-five spheres of each material were machined to C-shaped specimens by Bomas Machine Specialties Co. § for strength testing. The dimensions of the C-sphere specimens are shown in figure 1. Strength testing was performed on an Instron ** model 5500 universal test frame following the procedures outlined by Wereszczak et al. (13) . Fractography was performed on the fracture surfaces of these specimens using an optical microscope following the details discussed in ASTM C 1322 (14) . High resolution/high magnification imaging of the fracture origin and surrounding area was also performed on select specimens using a SEM to identify fracture origins and fracture mechanisms.
Microstructure
The microstructure of each material is shown in figure 2 (NL) and figure 3 (MT). The microstructure of the NL material is consistent across the diameter of the sphere. There is evidence of some variability in the grain size as the microstructure consists primarily of grains in the 2-3-µm size range with large grains (up to 10 µm) distributed throughout. The MT material, on the other hand, has a much finer overall grain size but there is a change in the microstructure, about 125 μm below the sphere surface. The depth below the surface where this change occurs is uniform around the sphere perimeter. The change is a noticeable increase in the amount and size of the porosity as well as a possible, albeit slight, increase in grain size (≈0.3 µm to ≈0.35 µm). An energy dispersive spectra (EDS) analysis of each area showed no change in the W and C content on either side of this boundary nor were there any differences in the elemental content. 
Physical and Mechanical Properties
The physical and mechanical properties of these WC spheres are summarized in table 1 while raw data can be found in the appendix.
Physical Properties
The density and elastic properties indicate a difference in the binder content of these two WC materials. The density and moduli of the MT WC are all appreciably higher than the NL WC. The values for the MT WC are in excellent agreement with a material that is essentially a "pure" or "binderless" WC. Conversely the property values for the NL WC show that a binder, probably around 6%, was added to this material. The addition of a binder, such as Co, typically results in lowering the density, elastic properties and hardness while increasing strength and toughness. 
Hardness
The Vickers hardness at a 1000 g (9.81 N) load was appreciably different for these two materials. The hardness of the MT material was determined near the edge and in the middle of the sphere due to the microstructural change that was observed. The hardness in the middle of the sphere was 24.5 ± 0.4 GPa, while at the edge it was slightly lower at 22.9 ± 0.9 GPa. The NL WC was softer but had a consistent hardness across the sphere diameter. At the edge, the Vickers hardness was 14.2 ± 0.5 GPa and in the middle it was 14.4 ± 0.2 GPa.
Since the NL WC exhibited a consistent microstructure across the sphere diameter additional hardness testing was done to develop a hardness/load curve to determine if the indentation size effect (ISE) was present. This phenomenon is exhibited by a material when at very low indentation loads the hardness is usually quite high but as the load decreases the hardness also decreases until a load is reached where the hardness becomes essentially load-independent (15) (16) (17) (18) . Both Vickers and Knoop hardness values were determined between 50 g (0.49 N) and 10 kg (98.1 N). The Vickers indentations at 0.49 N were slightly larger than 8 µm in size and difficult to measure accurately. The average hardness was only 13.3 GPa, but with a very high standard deviation of 1.4 due to the small size of the indents and the resolution of the objective lenses. At 0.98 N, the hardness jumped to 14.7 GPa and remained essentially at this value as the indentation load was increased to 98.1 N indicating that the ISE was not present. However, the Knoop hardness/load profile showed the exact opposite behavior-that the ISE was quite evident. The hardness was 17.0 ± 0.6 GPa at 0.49 N but gradually dropped to ~13.5 GPa at 9.8 N and remained at this value up to the maximum load of 98.0 N. Earlier work (18) showed the same behavior in two other WC materials, but there is no clear explanation for this difference in hardness/load behavior based on indenter geometry.
Strength
The characteristic strength and unbiased Weibull modulus of each WC material was determined using a 2-paramenter Weibull analysis with 95% confidence bounds. The effective area and effective volume as a function of Weibull modulus were computed and are shown in figures 4 and 5. The effect of the ligament thickness (between 1.15 and 1.30 mm) on the maximum tensile stress was also examined, figures 6 and 7. There was a strong correlation between the finite element and linear regression analysis (correlation coefficient of 0.998 in both cases). This coupled with the fact that the average ligament thickness for both materials was well within the analyzed range (NL: 1.223 ± 0.032 mm; MT: 1.265 ± 0.115 mm) indicated that there was no need to correct the measured strength values. The characteristic strength of the NL WC was ~12% higher than the MT WC. The presence of a binder in the NL will account for this difference. However, the significantly higher Weibull modulus (28.6 for NL compared to 14.9 for MT) cannot be attributed to a difference in binder content.
Fractography
An analysis of the fractured specimens revealed that fracture initiated in all of the c-sphere specimens within the general vicinity of the most highly stressed area on the sphere, based on the previous analysis conducted (13) . Detailed fractography of the fracture surfaces showed a significant difference in flaw types present in each WC. The strength of the NL WC was limited primarily by machining damage that was probably introduced during the sphere fabrication process. This flaw was present at the surface and typically had a semi-elliptical shape. An example can be seen in figure 8 . While machining damage was the primary origin, occasionally clusters of large WC grains limited the strength of some spheres, figure 9 . The fracture of the MT WC spheres was due exclusively to volume-distributed pores located well beneath the C-sphere surface, as shown in figures 10 and 11. Some of these pores were quite obvious and could easily be measured at low magnifications (figure 10), while a higher power magnification was needed in some instances to confirm the presence of the pore ( figure 11 ). In the later instance, the appearance of large grains in the area confirm that this must have been a pore. The open space from the pore provided an unconstrained area for grain growth to occur during sintering. The location of these strength-limiting pores is in excellent agreement with the previously described analysis of the microstructure which showed that there was an increase in the amount and size of the porosity ~125 μm beneath the sphere surface.
Fracture Toughness
The small diameter of the WC sphere precluded the direct determination of a K Ic value but a fracture toughness estimate was determined fractographically. Six of the fracture MT C-sphere specimens had origins that could easily and accurately be measured. The toughness range for this WC was 6.7-11.2 MPa√m, which is in good agreement with the toughness reported for other "binderless" WC materials (3). The toughness range for the NL material was 21.6-29.8 MPa√m. This difference is not surprising since the addition of a binder yields a WC material with a significantly higher fracture toughness. 
Summary
The physical and mechanical properties of two commercially-available WC spheres (NL and MT) used in some ballistic impact studies (6, 7) were determined. The NL WC had a significantly higher strength and toughness than the MT WC due to the presence of a binder while the MT WC was denser and harder while having higher elastic property values indicating a significant difference the amount of binder phase present. The microstructure of the MT WC revealed that there was an increase in the size and amount of porosity ~125 μm beneath the sphere surface. This change in microstructure limited the strength of the spheres as subsurface pores were the primary fracture origin in this material. It is important to know the differences between these spheres as some of this WC property data may be incorporated into ballistic codes that analyze and predict the performance of armor systems. 
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